Introduction
Sufficient bone supporting osseointegration ensures high success in dental implant, which is defined as the process of bone formation and maintenance at endosseous implant in function [1] . Osseointegration can be viewed as merging implant surfaces with the activity of adherent and adjacent mesenchymal cells [2] . However, in locations of low bone density and volume, implant success is diminished [3] . Imparting osteoinductive or osteoconductive behavior to implants could improve bone formation at implants. Hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) coating on titanium (Ti) implants, when compared to non-coated titanium, enhances bone formation and apposition, and improves fixation to adjacent bone [4] . However, the insufficient bonding strength in the plasma-sprayed HA layer has led to negative concerns regarding HA particulate debris and consequently to inflammation reaction [5] . It may result in lack of osseointegration, loosening implants or ingrowths of fibrous tissue. To overcome this disadvantage, studies investigated alternative or complementary techniques to deposit nanocrystalline HA coatings onto titanium implant surfaces [6] . Applying the deposition of nanoparticle onto the titanium surface represents one of many approaches in nanotechnology to impart nanoscale HA to a titanium dental implant.
Recent researches have demonstrated that nanotechnology stands for a new spectrum of possible surface modification techniques applied to implant surface [7] , and nanostructured surfaces (<100 nm) that improve adsorption of proteins, such as vitronectin, which affects cell adhesion [8, 9] . In addition, the nanoscaled surfaces can also induce mesenchymal stem cells (MSCs) to express osteoblast differentiation genes, even in the absence of other inductive media [7, 10] . Studies suggest that nanoscale topographic modification enhance osteoblast adhesion, proliferation and differentiation, all of which are significant to the process of interfacial osteogenisis and will also be substantial in the long-term response to the surrounding osteogenic environment [7] [8] [9] [10] . Nanotechnology requires novel ways or modifying conventional methods to create nanofeatures on endosseous implant. The conventional approaches, such as plasma-spray processing and electrochemical deposition, have been employed to produce the HA coated titanium implant surfaces [11, 12] . Currently, investigators are trying to modify these methods to deposit nanocrystalline HA onto the titanium surface. The plasma-spray technique has widely been clinically applied to coat titanium. However, this plasma-spray deposition has been problematic for nanomaterials since it will deposit not only nanometer crystals onto a metallic surface, but also great amount of amorphous calcium phosphate. Plasma-spray deposition decomposes calcium phosphate derivative into a mixture of nanoand micrometer grain sizes because of the high temperature created during the coating process [13] . The electrochemical deposition is technologically important because of its simplicity in application and low cost in process. Advantages also include ability to produce a surface coating of high chemical homogeneity and purity, as well as practical capability to apply at massproduction level, and an ease on chemical composition control, relatively low temperature in surface modification for complex implant shapes [14] . Several investigations have applied this technique to achieve nanocrystalline HA deposition on the implant surface [15, 16] . Moreover, the process of modified electrochemical deposition of nanosize HA on titanium substrate surface can produce stronger physical reactions, based on a proper hydrogen gas bubble template and micro chemical environment at the interface of electrode/electrolyte [16] . The aim of this study was to determine the effect of nanoscale HA coatings on the behavior of osteoblasts as measured in a cell culture assays. Based on nanocrystalline HA modulating adherent cellular responses, this study investigated the hypothesis, that nano-HA coated titanium endosseous implant surfaces enhance osteoblastic adhesion, proliferation and differentiation.
Experimental Procedures

Titanium disk, micrometer-scale and nanoscale HA coating preparation
Commercially pure grade IV titanium (Ti) disks with a diameter of 10 mm and a thickness of 1 mm were prepared by machining (provided by Biomaterials Center, Sichuan University, China). All disks were treated and cleaned in pure trichloretylene acid for 15 min, washed in ethanol, followed by three series of 10 ultrasound treatments in ethanol, and subsequently treated with 0.2% hydrofluoric acid and then rinsed in deionized water. The electrophoretic deposition of HA (EpDHA) powder onto the surface of the prepared Ti disks was applied as described previously [17] . The HA powder used for electrophoresis was synthesized by a wet process [18] , in which the HA powder was dispersed in ethanol solution and deposited onto the surface of the disk at an applied voltage of 30 V for 60 seconds. Scanning electron microscope (SEM) (Philips-FEI, FEI XL30) was then used to describe the nature and dimension of surface feature. Samples were mounted and viewed without gold/palladium coating, and digital images were acquired on the instrument using 5-15 kV accelerating voltage. The three-dimensional topography of the specimens was characterized with optical interferometry. A modified one-step electrochemical deposition of HA (EcDHA) was used to produce a wellordered nanofeatured HA powder that coated onto prepared Ti substrate [16] . In brief, the Ti disks were used as working electrode for the deposition of HA, with a platinum plate served as a counter electrode. The electrolyte contained CaCl 2 , NaH 2 PO 4 and NaCl, and its pH was adjusted to 6.30 by 0.1M NaOH. The EcDHA coating process was performed by an AUTOLA PGSTAT30 (Eco Chemie) electrochemical workstation. In Galvanostatic mode, a current density of ~1 mA/cm 2 was controlled. The process lasted for 1 hour at 100°C. To maintain the electrolyte concentration and pH value during processing, a three-necked flask (middle neck for WE, others for CE and reflux tube respectively) was used as a container to minimize the evaporation of the solution. These experimental samples were subsequently evaluated by SEM as described above.
Cell culture
Human osteoblast-like cells (ATCC, CRL-11372) were cultured in accordance with published protocols [19] . Growth media included Dulbecco's modified eagle medium low glucose (LG-DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) and antibiotic/antimycotic (penicillin/streptomycin/ amphotericin B, Sigma). Osteogenic media included
LG-DMEM (Gibco) supplemented with 10% FBS, antibiotic/antimycotic, and the osteogenic supplements 10 mmol/L dexamethasone, 10 mmol/L sodium β-glycerophosphate and 50 mg/ml ascorbic acid (Sigma, USA). Cells were trypsinized when they grew to 80% confluent, and reseeded onto prepared Ti, EpDHA, and EcDHA coating disks reseeded at the density required for the experimental procedures. Samples were collected on days 7, 14, 21 and 28.
Cell adhesion assay
Osteoblastic cells in 200 ml of DMEM at a concentration of 5×10 5 cells/ml were plated onto experimental disks, which were put in a 24-well plate. After 4 h of attachment, complete media was added to each well and samples were incubated in a humidified 5% CO 2 at 37°C. After 24 h, adherent cells and disks were rinsed three times with ice cold PBS and fixed for 60 min with 2.5% glutaraldehyde/2% paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.4) and post-fixed in 4% osmium tetroxide. The fixed cell layers were washed in PBS and dehydrated using graded ethanol solutions by critical point drying. Osteoblast adhesion and morphology was observed using SEM (Philips-FEI, FEI XL30). Cell adhesion was determined by averaging the number of cells counted at low magnification (×200) in three random areas per disk, and by calculation of the mean counts from three disks for each of the different surfaces.
Cell proliferation assay
Proliferation was assessed by determination of DNA biosynthesis in osteoblastic cells per time-point. The incorporation of [ 3 H]-thymidine into DNA was employed. Cells were seeded onto disks at a density of 5×10 4 cells/ piece. Followed by 24, 48 or 72 h growth, the culture medium was removed, culture layers were rinsed 3 times with ice cold phosphate buffered saline (PBS) and cells were cultured for 4 h in LG-DMEM containing 10% FBS and 10 mCi/ml [ 3 H]-thymidine at 37°C. After 4 h, the culture layers were rinsed in ice cold PBS 3 times.
DNA incorporation of [
3 H]-thymidine was measured by scintigraphy.
Quantitative real-time RT-PCR analysis
At the time points mentioned above, the disks were rinsed twice with ice cold PBS and adherent cells were lysed using Trizol (Invitrogen). Cell lysates were collected by pipetting and centrifugation. Total RNA in the cell lysates was isolated using the Trizol protocol (Invitrogen, Rockville, USA), collected by ethanol precipitation, and quantified using ultraviolet spectrophotometry. Total RNA was subsequently reverse transcribed to cDNA with the SuperScript First-Strand Synthesis System (Invitrogen, Rockville, USA). Subsequently, equal volumes of cDNA were used to program real-time PCR reactions specific for mRNAs encoding Cbfa1/Runx2, osteopontin (OPN), osteocalcin (OCN) and bone sialoprotein (BSP). The quantitative real time RT-PCR was performed using the SYBR premix Ex Taq TM II Kit (Takara, Kyoto, Japan). The specific primers were listed in Table 1 . The comparative threshold cycle (CT) method was used to calculate amplification fold. GAPDH gene was used as a reference control gene to normalize the expression value of target genes. Triple replicates were performed for each gene and average expression value was computed for subsequent analysis. The relative expression level of the genes was calculated using the 2 -∆∆Ct method [20] .
Western blotting analysis
The cells were lysed in lysis buffer (phosphate-buffered saline (PBS) containing 1% Triton X-100, protease inhibitor cocktail, and 1 mmol/l phenylmethylsulfonyl fluoride) at 4°C for 30 min. Equal quantities of protein were subjected to SDS-PAGE. After the transfer to Immobilon-P transfer membrane, successive incubations with anti-Cbfa1/Runx2, osteopontin, osteocalcin and bone sialoprotein and GAPDH antibody, as well as horseradish peroxidase-conjugated secondary antibody, were conducted. Immunoreactive proteins were then detected using the ECL system. Bands were scanned using a densitometer (GS-700; Bio-Rad, USA), and quantification was performed using Quantity One 4.6.3 software. 
Statistical analysis
Data are expressed as mean ± SD (standard deviation), when normally distributed. The statistical significance of differences was determined by Student's two-tailed t-test in 2 groups. Differences at probability of less than 0.05 were considered statistically significant. All data were analyzed with SPSS 15.0 software.
Results
SEM analysis
The morphology of EpDHA and EcDHA coatings was examined by SEM. The coating layer was observed to be well adhered onto the Ti substrate without the formation of cracks or delaminations for all the coatings. The coating of electrophoretic deposition surface was very dense and uniform with diameters of about 1 mm ( Figure 1A ). Homogeneous coating of electrochemical processing was deposited on the Ti surface ( Figure 1B) , characterized by rodlike crystals with a hexagonal cross section and diameters of approximately 50-100 nm.
Cell adhesion and proliferation
Within the first 4 h of incubation, osteoblastic adhesion ( Figure 2 ) was significantly greater on all the HA coated surfaces except for uncoated Ti, with cell numbers showing a 50% increase on the HA coated surfaces relative to the Ti control. Meanwhile, osteoblastic adhesion on the EcDHA coatings was similar to that on the EpDHA coatings. Cellular adhesion was distinguishable among the three different surfaces at the SEM evaluation at 24 h level. At 24 h, osteoblast numbers adhered to EcDHA and untreated Ti surface displayed significantly greater than those adhered to the EpDHA surface (P<0.05). At 72 h, round osteoblast adherent shapes became more dominant on the EpDHA coatings as well as more elongated and flattened osteoblasts prevailed on the EcDHA coatings ( Figure 3) . Proliferation of adhered cells was distinguished among the three different groups after 24 h. Osteoblast culture on the EcDHA surface displayed significantly greater proliferation at 24, 48 and 72 h of incubation, compared to the EpDHA and untreated Ti groups (P<0.05) (Figure 4 ).
Gene expression analysis
Surface modifications using EpDHA and EcDHA coatings had different effects on osteoblastic gene expression.
To verify the influence of surface nanotopography on the initial behavior of the adherent osteoblastic cells, the expression of key osteogenic gene mRNAs were evaluated at different time points after seeding cells on the three different surfaces. Transcriptional control of osteoblastogenesis was clearly central in bone formation. The key factor controlling osteoblastic differentiation from the undifferentiated stem cells was Cbfa1. When Cbfa1 levels of EcDHA-adherent versus EpDHA-adherent cells was compared, significantly higher steady-state Cbfa1 levels were observed on the EcDHA coating surface from day 7 to day 28 ( Figure 5A ). When compared with EpDHA and uncoated Ti surfaces, all the specific osteogenic mRNA expressions were at the highest levels on the EcDHA surface at all time points except for OPN on day 7 ( Figure 5B ). The mRNA levels of OCN expression were significantly higher than that in uncoated Ti surfaces from day 14 to day 28 ( Figure 5C ). Specially, on day 21, BSP mRNA level was 3-fold greater in EcDHA-adherent cells, compared to that in uncoated Ti surfaces. On day 28, BSP level showed 6-fold increase in cells cultured on the EcDHA surface, compared to that in uncoated Ti surfaces ( Figure 5D ). Additionally, we also analyzed the band data for genes RT-PCR ( Figure 5E ). To further identify the protein levels of Cbfa1, osteopontin, osteocalcin and bone sialoprotein, we performed western blotting analysis in different groups. Except for OPN on day 7, OCN on day 7 and BSP on day 7 and 14, the protein levels of Cbfa1, osteopontin, osteocalcin and bone sialoprotein in EcDHA group were significantly higher than that in Ti and EpDHA groups. Basically, the four protein expression levels were consistent with findings from the qPCR analysis ( Figure 6 ).
Discussion
Hydroxyapatite (HA) has been applied as an endosseous implant coating material for many years [4, 5] , and recently, it was applied in nanotechnology. Current study showed that nanocrystalline HA is a kind of more desirable implant material than microcrystalline HA since its crystal size simulates the nanostructure of the inorganic phase of bone [21] . Moreover, compared with conventional HA, the preferential and enhanced adhesion and long-term functioned osteoblasts have also been observed on nanophase HA [9, 10] . To test the hypothesis that nanocrystalline HA coatings enhance cellular adhesion, proliferation and differentiation, this study used an in vitro osteoblastic cell culture system of a modified one-step electrochemical deposited HA (EcDHA) coated Ti substrate. The early cell responses, such as cell ability of attachment and proliferation, were examined, together with gene expression of specific osteogenic markers known to play key roles in mediating the osteogenesis process. Moreover, the previous welldocumented studies on machined titanium surface offered a baseline for comparison in this study. Cell adhesion was selected and examined because it is essential for subsequent functions of proliferation and differentiation. In this study, the EpDHA and EcDHA showed improved osteoblast attachment within 24 h when compared with the uncoated Ti, which was in agreement with the findings of Harle [22] and Sato [23] . Adhesion rates were significantly increased on the HA coatings because of chemistry changes as well as naturally abundant HA in bone matrix [22] . Previous studies indicated that osteoblast adhesion on nano-HA coatings other than on conventional HA coatings promoted interactions of select serum protein(s), which could in turn enhance osteoblast adhesion [9, 10] . The contradictory results of this study indicated that adhesion of osteoblastic cells on the EcDHA coatings was similar to that on the EpDHA surfaces only within the first 4 h, but not after 24 h. Therefore, further investigation on the role of proteins in the osteoblast adhesion on nanophase HA surfaces at early time point is needed to reveal the underlying mechanisms. There were modest effects on proliferation for EcDHA coating surfaces at 24, 48 and 72 hours of incubation in this study. Nanocrystalline HA has been shown to increase the proliferation rate of cultured osteoblasts [9, 10, 22, 23] . A possible explanation for the observed increase in osteoblast proliferation on the EcDHA surface could be calcium phosphate precipitation that might influence local calcium concentration and cell behavior [24] . Nano-HA has higher dissolution rate and is more resorbable [25] . Most importantly, results of this study provided evidence that osteoblast proliferation increased significantly on EcDHA coatings after 24 h of cell culturing compared with any other substrates tested.
Another main finding of this investigation was that the EcDHA coatings greatly enhanced osteoblast In previous comparison of topographyically modified titanium and osteoconductive HA-coated endosseous dental implants, the superior osteoconductive nature of HA was revealed [26] . Other studies have identified that pure HA coated titanium substrates, manufactured using low-temperature electrochemical methods, have been previously reported to up-regulate human primary osteoblast proliferation several days after attachment, relative to uncoated Ti control [22, 27] . In fact, the presence of the HA coatings on the surface of the substrates had the most effective osteoblastic differentiation through inducing a greater expression of several osteogenic markers, thus suggesting that HA-coated surface may possess a higher potency to enhance osteogenesis [28] . Cbfa1 is a key transcriptional factor controlling osteoblast differentiation, whose expression is essential to the osteoblast phenotype and bone formation. Cbfa1's function in osteoblasts is to control osteoblastspecific gene expression on target genes such as alkaline phosphatase, type I collagen, OPN, OCN and BSP [29] . Elevated Cbfa1 expression is characteristic of osteoblast differentiation, and its early expression has been observed in other in vitro studies of titanium implant surfaces with nanoscale features [30, 31] . In the present cell culture experiments, Cbfa1 expression in osteoblastic cells was influenced by the HA treatment on titanium surface. The expression levels of this key transcriptional factor were significantly higher in the osteoblasts adherent to EcDHA coating surface than that in EpDHA coatings or untreated Ti surfaces in the different time points, suggesting that the electrochemical deposited EcDHA on Ti surface renders the surface more capable of supporting osteoinduction of adherent cells. OPN is a highly negative charged extracellular matrix protein which can bind calcium and HA to enable cell adherence [32] . OCN is a highly conserved noncollagenous protein, which is secreted solely by osteoblasts, and contains three gamma-carboxyglutamic acid residues that allow it to bind calcium during the process of osteogenesis [33] . In this present report, the increase of OPN mRNA levels as well as concomitant increase of OCN levels among cells adherent onto all the HA-coated disks but not the untreated Ti surface at different time point was in agreement with a previous study. It was identified that the presence of HA onto the titanium surfaces was able to stimulate the gene expression of the cultured cells for both OPN and OCN [27] . Meanwhile, OPN and OCN mRNA levels up-regulated significantly in adherent cells growing on EcDHA surfaces at all time points except for OPN on day 7. BSP is an adhesive bone extracellular matrix protein involved in the mineralization phase of bone formation and supports cell attachment, with a high affinity for HA [34] . BSP expression is required for osteoblastic differentiation and mineralization in culture and is temporally associated with the onset of osteoid mineralization in vitro [2] . In the current study, in vitro evaluation of osteoblastic differentiation has demonstrated that EcDHA coating surface, when compared with EpDHA or uncoated Ti surfaces, led to greater BSP expression by adherent osteoblasts. The increased BSP expression observed in osteoblast cultured on nanofeature surface was consistent with findings from other studies [30, 35] . Taken together, this study showed that all the HA coating disks significantly affected cellular growth while EcDHA surfaces, other than EpDHA coatings, promoted osteoblast proliferation. Furthermore, nano-HA coated titanium had the most effectively up-regulating expression of osteogenic markers on osteoblastic differentiation than those recorded for cells grown on EpDHA and uncoated Ti surfaces. In summary, these results encourage further in vitro and in vivo studies on nanocrystalline HA coatings on titanium for improved dental implant applications. 
